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Anterior infarction was produced in eight dogs to char•
acterize serial changes in nuclear magnetic resonance 
signal intensity within the infarct zone. Magnetic reso•
nance imaging was done on the day of infarction, on day 
4,5 or 6, on day 13 and day 20 using a 0.15 tesla (6.25 
MHz) resistive imager. Electrocardiographically trig•
gered spin echo (30, 45 and 60 ms echo times) and in•
version recovery (400 to 500 ms inversion time) pulse 
sequences were employed to obtain single slice images. 
On day 20, the excised hearts were sectioned and ex•
amined to determine infarct location and extent. 
In the spin echo images, signal intensity within the 
ischemic zone was visibly increased in seven of the eight 
dogs on the day of infarction, and in all dogs by days 4 
to 6. Signal intensity remained elevated in all but two 
Detection and quantification of myocardial infarction is one 
of the principal objectives of nuclear magnetic resonance 
imaging. To date, myocardial infarcts have been visualized 
by spin echo magnetic resonance imaging in dogs both in 
the first hours after coronary artery occlusion (I) and, in 
another series. between 2 and 7 days after coronary artery 
ligation (2), 
To assess efforts to modify infarct size, the technique 
employed must be able to serially visualize and quantify the 
area of ischemic damage, This study was undertaken pri•
marily to assess the feasibility of visualizing the evolution 
of canine myocardial infarction and to characterize changes 
in nuclear magnetic resonance signal within the infarct zone 
over time. Accordingly, in vivo nuclear cardiac magnetic 
resonance imaging was performed serially in eight dogs 
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dogs at day 20. With inversion recovery imaging, changes 
in the infarct zone were highly variable; both ill defined 
increases and decreases in signal intensity were noted. 
With a 30 ms echo time, signal intensity in the infarct 
zone was increased on average 29.8 ± 24.1 % above that 
in normal myocardium on the day of infarction. The 
relative signal intensity increased to 62.4 ± 23.5% dur•
ing the first 2 weeks after infarction (p < 0.05), then 
decreased to 12.0 ± 18.5% by day 20 (p < 0.05). Similar 
changes were detected in the images using the 45 and 
60 ms echo times. Nuclear magnetic resonance imaging 
therefore is able to detect regions of myocardial infarc•
tion and follow evolutionary changes in signal intensity 
within the infarct zone with healing. 
(J Am Coli CardioI1986;7:843-9) 
from the day of coronary artery occlusion to 3 weeks after 
infarction. 
Methods 
Experimental preparation. Eight laboratory-bred fe•
male beagles weighing 10 to 15 kg were premedicated with 
xylazine, 1 mg/kg body weight, and atropine, 0.3 mg in•
tramuscularly, Anesthesia was achieved by the intravenous 
administration of thiopental, 10 to 20 mg/kg body weight, 
followed by halothane, 1 to 2% by inhalation. After en•
dotracheal intubation. respiration was maintained by posi•
tive pressure ventilation using a Bird respirator. 
The heart was exposed through a left thoracotomy. The 
midportion of the left anterior descending artery was dis•
sected free, immediately distal to the first diagonal branch 
if possible. A silk ligature was then loosely placed around 
the artery and the ends of the ligature were brought outside 
the chest cavity through separate sites. The chest incision 
was then closed and the animal transferred to the magnetic 
resonance imaging facility. Control and subsequent images 
were obtained under continued positive pressure ventilation 
and halothane anesthesia. 
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Figure 1. Dog 5. The evolution of the intensity and area of magnetic resonance signal changes 
within the infarct zone with each of the pulse sequences used in this study. a, Images from day I 
in which marked cardiac dilation but no observable inhomogeneity in myocardial signal was seen. 
b, The area of infarction (arrow) on day 6. c, The infarction (arrow) on day I3 in two planes 
(transverse, top and sagittal, bottom). The plane of the sagittal images (bottom) is shown in the 
echo time (TE) 30 ms image (top). d, The infarction (arrow) on day 20. e, The pathologic extent 
of myocardial scarring on day 20. IR = inversion recovery. 
Before coronary artery ligation, xylocaine, 2 to 3 mg/kg 
body weight intravenously, and procainamide, 10 mg/kg 
intramuscularly, were administered. Canine infarction was 
produced by drawing the ends of the silk ligature taut, thus 
occluding the anterior descending artery. After the imaging 
studies on the first day, the animals were allowed to recover 
and all were studied over the next 3 weeks. 
Nuclear magnetic resonance imaging. All images were 
obtained in the 29 cm diameter head coil of a 0.15 tesla 
(6.25 MHz) prototype resistive Technicare magnetic reso•
nance imager. Imaging pulse sequences were triggered by 
a modified Honeywell TT 31 telemetry transmitter and re•
ceiver, and image data were acquired as single slices at end•
diastole (R wave peak) using the single spin echo and in•
version recovery pulse sequences described previously (1). 
Spin echo imaging was performed with echo times of 30 
and 60 ms in all cases, and in addition, a 45 ms spin echo 
sequence was used in Dogs 4 to 8. The inversion recovery 
sequence consisted of an arbitrarily chosen inversion time 
between 400 and 500 ms with a sequence repetition time 
of greater than I second. Because of cardiac gating, the 
repetition time between imaging pulses was confined to the 
duration of the R to R interval or a multiple thereof. 
Four signal averages per data point were collected. At 
the time of this study, the spatial resolution attained by the 
imager was approximately 2 X 2 mm with a slice thickness 
of 1.5 cm. Time required for a typical single slice acquisition 
was 6 to 8 minutes. On the day of infarction, nuclear mag•
netic resonance imaging was done before and for up to 6 
hours after coronary artery occlusion. The dogs were sub•
sequently restudied on day 4,5 or 6, on day 13, and finally 
on day 20 after infarction. Imaging on these days was again 
done under anesthesia induced by thiopental and maintained 
by halothane under positive pressure ventilation. Imaging 
sessions on the days after infarction were generally of 1 to 
2 hours' duration. 
Pathologic examination. After imaging on day 20, the 
hearts were excised and prepared for pathologic examina•
tion. All hearts were sectioned at 5 to 10 mm intervals in 
a plane approximating the magnetic resonance imaging plane. 
The pathologic section most closely resembling the heart in 
the nuclear magnetic resonance image was identified, and 
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then fixed in 10% formalin. Whole microtome mounts of 
the specimen were made, stained with hematoxylin-eosin 
and examined microscopically for location and extent of 
infarction. 
Data analysis. Image data were transferred from the 
magnetic resonance imaging computer to a Digital PDP 
11/34 computer for analysis. Myocardial magnetic reso•
nance signal intensity was obtained by drawing variable 
regions of interest 20 to 30 pixels in size over that part of 
the anterolateral myocardium felt to be at risk of infarction 
after anterior descending artery occlusion, and over remote 
myocardium believed to be outside the zone of risk. Four 
regions of interest were drawn over both zones before and 
after coronary ligation on the day of infarction and in a 
similar manner on each subsequent imaging day. 
Because the nuclear magnetic resonance signal intensity 
varies with the pulse sequence repetition time (3) and be•
cause of variations in the heart rate of the dogs, the absolute 
myocardial signal intensity will vary on the basis of heart 
rate (and therefore repetition time) alone, making compar•
isons among animals and in the same animal over time 
invalid. Therefore, to compare the differences in signal in•
tensity between normal and infarcted myocardium, data are 
presented as the percent change in signal within the zone 
of infarction compared with that in normal myocardium, 
using the mean signal intensity obtained from four regions 
of interest in the infarct zone and in normal myocardium, 
as described above. Comparisons of the relative signal changes 
in the infarct zone over time were made between day 1 
values, the peak values of the second or third imaging day 
and values on the last imaging day (day 20). 
Statistics. Mean values are given plus or minus 1 SD. 
Changes in signal intensity over time were examined with 
a two-way analysis of variance using Scheffe's test to com-
Figure 2. Dog 3. Spin echo images obtained on day 6 showing 
subendocardial localization of signal enhancement (arrow). Patho•
logic extent of infarction is shown at right. TE = echo time. 
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pare individual means. A probability (p) value of less than 
0.05 was considered significant. 
Results 
Pathologic examination. Evidence of myocardial in•
farction was visible both by gross examination of the sec•
tioned heart and by microscopic examination in all eight 
hearts. Microscopy revealed scattered granulation tissue and 
dense scar formation within the infarct zone. There was a 
very clear demarcation between infarcted tissue and sur•
rounding normal myocardium in each heart. 
Infarct visualization (Fig. 1 to 4). The region of myo•
cardium in the territory of the occluded anterior descend•
ing artery was clearly visible as an area of increased signal 
intensity at all stages in the evolution of infarction by the 
spin echo imaging technique. In genera!, the spin echo se•
quences with weighting to longer T2 (spin-spin or trans•
verse relaxation time) (45 and 60 ms echo times) more 
clearly defined an area of enhanced signal, primarily be•
cause normal myocardium, with its shorter T 2, was less well 
visualized. 
The inversion recovery sequence, using an inversion time 
between 400 and 500 ms provided adequate anatomic detail, 
but inconsistently showed any abnormality in the infarct 
zone. An ill defined reduction in magnetic resonance signal 
intensity was often seen, although a similar vague area of 
increased signal was just as often seen. 
By visual comparison of the pathologic specimens with 
the corresponding magnetic resonance images (Fig. 1 to 4), 
the location of myocardial infarction seen pathologically 
corresponded precisely to areas of enhanced myocardial sig•
nal intensity in the images. 
Time course of signal changes (Fig. 5). Within 4 to 6 
hours after coronary artery ligation, the zone of myocardial 
ischemia was visualized in seven of eight dogs in the images 
obtained with 30 and 60 ms echo times, and in four of five 
dogs in the 45 ms echo time images. By days 4 to 6, an 
area of increased myocardial signal was clearly visible in 
TE 
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every animal with each of the spin echo pulse sequences. 
At day 13, the area of infarction was not seen in one animal 
using the 30 ms echo sequence but was again seen in each 
dog with the 45 and 60 ms spin echos. 
An area of enhanced signal intensity frequently persisted 
to 3 weeks after infarction. In five of seven dogs studied 
with the 30 ms spin echo and in six of eight dogs with the 
60 ms spin echo, the zone of infarction was visualized as 
an enhanced signal on day 20. Of note also, in one animal, 
a very clear area of diminished signal intensity was seen to 
correspond to the pathologic infarct zone in the 30 and 60 
ms spin echo images (a 45 ms spin echo image was not 
obtained in this animal). 
The impression on viewing serial spin echo images was 
that the area of signal enhancement increased between the 
day of infarction and the second and third imaging days, 
and that by day 20 the area was again smaller. These ob•
servations need to be substantiated by further studies in a 
larger number of animals. 
The relative signal intensity within the infarct zone showed 
a trend toward increasing between the first and next two 
imaging days with the spin echo technique. On day 1, mean 
signal intensity in the infarct zone was 29.8 ± 24.IO/C greater 
than normal myocardium in the 30 ms spin echo images, 
TE 
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Figure 3. Dog 4. Spin echo images and pathologic correlation 13 
days after an extensive anterolateral infarction (arrow). TE = 
echo time. 
21. 2 ± 17.3% greater with the 45 ms spin echo images 
and 49.0 ± 58.5% greater in the 60 ms spin echo images. 
Relative signal intensity rose to a peak value on the second 
or third imaging day in seven of eight animals with the 30 
ms spin echo (62.4 ± 23.6%, P < 0.05 versus day I). In 
four of five animals with the 45 ms spin echo, peak signal 
intensity was seen on the second or third imaging day 
(87.6 ± 19.5%, P < 0.05 versus day 1). Finally, with the 
60 ms spin echo, the changes in signal intensity were more 
variable. Peak signal intensity was seen in only four of eight 
animals on the second and third imaging days (135.9 ± 
80.5%, not significant versus day I). The peak relative 
signal intensity was seen on day 20 in three animals in the 
60 ms spin echo images. 
Figure 4. Dog 2. Images obtained on day 20 showing persistent 
enhancement of signal extending beyond the border of infarction 
(arrow) seen pathologically (right). This was the smallest infarct 
in this series of dogs. TE = echo time. 
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Figure 5. Percent signal intensity change (%.:1) in the infarct zone 
compared with normal myocardium. Data for the eight individual 
animals are given for each imaging day (from day I to day 20). 
IR = inversion recovery; TE = echo time. 
Between the peak value on the second and third imaging 
days and day 20, the relative signal intensity showed a 
tendency to decline. In the 30 ms spin echo images the 
signal was 12.0 ± 18.5% greater than normal myocardium 
(p < 0.05 versus peak) on day 20. With the 45 ms spin 
echo, the signal in the infarct zone was 46.4 ± 24% greater 
than surrounding myocardium (p < 0.05 versus peak). Again, 
with the 60 ms spin echo, the mean signal intensity in the 
infarct zone decreased to 61.3 ± 66.9% by day 20, although 
this was not significantly different than at peak. 
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Infarct visualization. Although myocardial infarction 
in dogs has been detected by nuclear magnetic resonance 
imaging within the first week after coronary occlusion, no 
previous study has examined serial changes in magnetic 
resonance signal intensity with evolution and healing of 
infarction. In this study we have shown t\1at serial visual•
ization of infarction is possible, although changes in signal 
intensity within the infarct zone are somewhat variable. 
In nuclear magnetic resonance images, regions of pro•
longed T 2 (spin-spin or transverse relaxation time) are de•
tected as enhanced signal using T 2 weighted spin echo im•
aging pulse sequences. Prolongation of T 1 (spin lattice or 
longitudinal relaxation time) has the opposite effect, al-
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AprIl 1986 843-9 
though contribution of T I to the spin echo images is smaller 
and therefore the T 2 effect predominates (3). The converse 
is true for inversion recovery imaging. The T I effect. a 
reduction in signal intensity with increasing T I, predomi•
nates, although again a small opposing T2 effect exists (3). 
Myocardial infarction may have been poorly shown by in•
version recovery imaging in this study because of the com•
peting T 2 effect or possibly because the inversion time ar•
bitrarily chosen to be between 400 and 500 ms was not 
optimal for providing magnetic resonance signal contrast 
between normal and infarcted myocardium. Further expe•
rience with a wider range of inversion times is necessary. 
With spin echo sequences employing longer echo times (45 
and 60 ms), the infarcted area appeared more distinct be•
cause of attenuation of signal from normal myocardium. 
The T2 of normal myocardium is relatively short (approx•
imately 25 ms) and therefore T 2 relaxation is virtually com•
plete and little or no signal is emitted with longer spin echo 
sequences. 
Mechanism of enhanced signal in myocardial infarc•
tion. Wesbey et al. (2) were able to demonstrate enhanced 
signal in the myocardial infarct zone in a group of dogs 
studied between 2 and 7 days after infarction. A significantly 
higher percent water content was shown within the infarct 
region compared with normal myocardium, providing one 
possible reason for the enhanced magnetic resonance signal. 
Elevated water content in the infarct zone has previously 
been shown to be present very early (within I hour) after 
coronary artery occlusion (4,5). Indeed, water content may 
be elevated within the zone of infarction for as long as 21 
days after coronary occlusion (5). Furthermore, the eleva•
tion in water content has been associated with prolongation 
of TI and T2 times (4-6). It seems likely, therefore. that 
tissue edema is one of the major factors responsible for 
signal enhancement, although regional pH changes and tis•
sue hypoxia may have some effect. Edema would be ex•
pected to increase over the first week after myocardial in•
farction. which may account for the increase in relative 
signal intensity seen in the first several days after infarction 
in this study. Of interest is the fact that pathologically. by 
3 weeks, the infarct region was virtually replaced by scar 
tissue in all cases in this study. yet signal enhancement 
persisted. A persistent elevation in absolute water content 
may account for this observation. although it may be pos•
sible that an altered relation of water and tissue protein 
accounts for some persistence of increased signal. 
Nuclear magnetic resonance signal intensity changes over 
time varied considerably with spin echo imaging. although 
a definite trend to signal increase over the first 2 weeks, 
with subsequent decline. was noted. The effects of collateral 
blood supply to the infarct zone on the appearance of mag•
netic resonance images is unknown. Because coronary col-
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laterals were not deliberately tied off in these dogs, collateral 
perfusion to myocardium at risk of infarction was no doubt 
variable and may have accounted for some of the differences 
in the evolution of signal intensity changes. This speculation 
requires further study. 
Implications for the future. In this study, we have shown 
that visualization over the entire pathologic evolution of 
myocardial infarction is possible by spin echo imaging with•
out the need for contrast agents. With the superior resolution 
of nuclear magnetic resonance imaging it should be possible 
to obtain multiple contiguous images of the entire volume 
of the heart and thereby very accurately determine myo•
cardial infarct size. Furthermore, paramagnetic agents such 
as gadolinium-DTPA (7) might be useful as flow tracers 
and may be able to aid in the discrimination between myo•
cardium committed irreversibly to infarction and scar for•
mation and reversibly ischemic myocardium. 
Preliminary reports (8,9) have shown that visualization of 
both acute and healed human myocardial infarction is pos•
sible by nuclear magnetic resonance imaging. With further 
experience and investigation. therefore. this imaging tool 
may be useful for studying the effects of early interventions 
to modify the evolution of human myocardial infarction. 
We gratefully acknowledge the expert secretarial assistance of Madeleine 
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